Introduction
Nutrient additions to estuaries and coastal water bodies occur naturally as a result of geological weathering and inputs from ocean upwelling. However, in recent decades population growth and related nutrient sources such as agriculture, wastewater treatment plants, urban runoff, and consumption of fossil fuels (atmospheric deposition), have increased nutrient inputs to many times their natural levels to the point that eutrophication is now regarded as one of the greatest threats to coastal ecosystem health (CENR, 2000; NRC, 2000) . Nutrient additions cause a progression of eutrophic symptoms that most often begin with observations of high concentrations of chlorophyll a and/or macroalgal blooms (Fig. 1a) . Excessive algal blooms may lead to other more serious impacts including loss of submerged aquatic vegetation (SAV) and a shift from benthic to pelagic dominated system productivity (Bowen and Valiela, 2001) , low dissolved oxygen and occurrences of nuisance/toxic blooms or HABs (Bricker et al., 1999 . While all symptoms do not occur in all systems, there are commonalities among the impacts observed, and the sequence of impacts. Among other impacts, eutrophic symptoms can threaten both abundance and diversity of fish and other biota (Bowen and Valiela, 2001; Breitburg, 2002; Wazniak and Glibert, 2004) , and may lead to impairments to aesthetics, fishing opportunities and success Hicks, 1999, 2003; Bricker et al., 2006) , tourism, and real estate value (Hoagland et al., 2002) .
In the 1990s, the National Oceanic and Atmospheric Administration (NOAA) began to evaluate the need for a more deliberate National response to the problem of estuarine eutrophication given the concern of the scientific community and the public about the nutrient related health of US coastal water bodies. The National Estuarine Eutrophication Assessment, a survey of the extent, severity, types, and probable causes of eutrophic symptoms, was conducted in the early 1990s (Bricker et al., 1999) . The results showed that the An updated assessment of nutrient related impacts in US estuaries was completed in 2007. This assessment evaluates three components for each estuary: the influencing factors (e.g. land use, nutrient loads), the overall eutrophic condition (e.g. chlorophyll a, presence of nuisance/toxic algae and macroalgae, extent of dissolved oxygen problems, loss of submerged aquatic vegetation), and future outlook. Eutrophication is a widespread problem with 65% of assessed systems showing moderate to high level problems. The most impacted region was the mid-Atlantic. The majority of estuaries assessed, with the exception of North Atlantic systems (Cape Cod north to Maine), are highly influenced by human related activities that contribute to land-based nutrient loads. Conditions were predicted to worsen in 65% and to improve in 19% of the assessed estuaries in the future. Analysis of the extent of change from the early 1990s to the early 2000s, for those systems for which sufficient data were available, shows that conditions mostly remained the same (32 of 58 systems) though changes were observed in several smaller systems; 13 systems improved and 13 systems worsened. Chlorophyll a and HAB impacts have increased in the mid-Atlantic region, the only region with data adequate for comparison. These symptoms are more prevalent in systems with longer residence times, such as coastal lagoons. The successful restoration of seagrass in Tampa Bay is encouraging though future management to sustain the recovery will be difficult given expected population increases. This national assessment illustrates the need for coordinated and integrated action that balances management action, efficient monitoring to assess the effectiveness of the management, focused research, and a communication campaign aimed at engaging the broader community.
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majority of systems included in the study (84 of 139) exhibited 'moderate' to 'high' levels of eutrophic symptoms that occurred along all coastlines. Most of these systems also showed impairment of everyday uses including warnings against swimming and consumption of fish due to lower abundance or quality. The report suggested that conditions in more than half of the estuaries were expected to become worse by the year 2020 due to high-density populations and significant population increases currently occurring or expected in coastal areas. The poor prognosis for the health of the Nation's estuaries suggested that regular updates were needed to assess and track changes in the health of these systems and to evaluate the success of management strategies. This paper describes an update to the 1999 assessment that examines conditions in the early 2000s, and the changes that have occurred since the early 1990s, the timeframe of the 1999 report. One of the main aims of these assessments is to provide the basis for development of a national strategy to limit nutrient enrichment problems affecting US estuarine and coastal water bodies (Bricker et al., 1999 . The 2007 assessment provides context for recent and planned activities designed to address these issues, such as the Harmful Algal Bloom and Hypoxia Research and Control Act of 1998 (reauthorized in 2004; P.L. 105-383) , the multi-agency National Coastal Condition report (USEPA, 2005) , and the Gulf of Mexico Alliance Governors' Action Plan. It should be noted, however, that these problems are not limited to US coastal waters. These problems are global in scope and have led to legislative actions elsewhere, such as the European Union Water Framework Directive, Urban Waste Water Treatment Directive, Fig. 1. (a) A conceptualization of the relationship between overall eutrophic condition, associated eutrophic symptoms and influencing factors (nitrogen load and susceptibility), and (b) the NEEA update evaluates influencing factors, eutrophic symptoms and future outlook for 141 US estuarine and coastal water bodies (adapted from Bricker et al., 2007). and Nitrates Directive and the People's Republic of China Law on Prevention and Control of Water Pollution. The comparison of eutrophication impacts and successful management measures in US and international coastal water bodies highlights the knowledge that with effort, these problems can be reversed. This paper focuses on the main results of the 2007 National Estuarine Eutrophication Assessment report; additional results are included in the full report (http://www.noaanews.noaa.gov/stories2007/ s2898.htm). This assessment method is now available as a desktop program at http://www.eutro.org/register.
Recent attention has been focused on the contribution of eutrophication to the proliferation and increase in some HAB species (e.g. Anderson et al., 2002; Glibert et al., 2005b; Heisler et al., 2008) . High biomass blooms, as indicated by increases in chlorophyll a can cause smothering of submerged aquatic vegetation and corals (e.g. Tampa and Sarasota Bays; Greening and Janicki, 2006; Tomasko et al., 1996) and is used in the National Estuarine Eutrophication Assessment as an indication of nutrient related problems. HABs are considered an indication of a more developed nutrient problem. For this assessment, both non-toxic forms that at high concentration can cause hypoxia and anoxia and losses of filter feeders due to poor nutritional quality and the small size clogging siphons (e.g. the brown tide organism Aureoccocus anophagefferens, Wazniak and Glibert, 2004) , as well as those that produce neurotoxins and can cause illness and death due to these toxins (Glibert et al., 2005a) are considered. Because of the variability in threshold concentration of bloom organisms that cause toxicity and other problems, the assessment method defines these blooms as a problem if they cause ''a detrimental impact to any biological resource'' (Bricker et al., 1999 (Bricker et al., , 2003 .
Given the number of systems included in these assessments (141 estuaries), the data from the two assessments (Bricker et al., 1999 provide an opportunity to examine whether there has been a change from the early 1990s to the early 2000s. Additionally, the data provide an opportunity to examine the relationship between overall eutrophication impacts and the occurrence of HABs. Also of interest is the relationship between HABs and physical and hydrologic conditions. These analyses provide an opportunity to make conclusions about these relationships that may provide insight to possible management strategies to reduce the impact of these blooms. In some places, however, these symptoms might not respond to management and instead must be ''managed'' by, for example, interdiction of shellfish harvest to protect the population from illness.
Study area
The assessment focused on 141 estuaries and coastal water bodies along all US coastlines that together represent greater than 90% of the total freshwater flow into US coastal areas, and cover an equal water body surface area. Two systems, representing an addition of 6 km 2 , were added to the 2007 assessment that were not included in the 1999 assessment. The systems were divided into 5 regions; the North Atlantic includes systems from Maine to Cape Cod, the Mid-Atlantic includes systems from Cape Cod to Chesapeake Bay, the South Atlantic includes systems from North Carolina to Florida, the Gulf of Mexico includes systems from Florida to Texas and the Pacific Coast region includes systems from California to Washington. The 141 systems are highly diverse with regard to physical and hydrologic characteristics (e.g. landscape elevation and climate), watershed population and land use. These characteristics strongly influence the potential for development of eutrophic symptoms. For example, headwaters of Atlantic coast estuaries mostly originate from the Appalachian Mountains, a relatively low-lying range along the eastern US shoreline. In the north, they are relatively close to the coast, leading to short and steep watersheds of higher elevation. In the south, the range is farther inland, leading to longer and flatter watersheds of lower elevation (typically half that of northern watersheds; Table 1 ). Estuary type also changes from river mouth estuaries in the north to lagoon systems in the south. Headwaters of Pacific Coast estuaries also originate in the mountains, but from a diversity of ranges including the Rocky Mountains, Coastal Range, and Sierra Nevada. North Pacific systems have the highest watershed elevations of any region and, while most Gulf of Mexico watersheds are low-lying, some in the west extend into the Sierra Nevada, giving them higher mean elevations.
Estuary size varies nationally and regionally. The mid-Atlantic region, for example, includes the large Chesapeake Bay and much smaller coastal lagoon systems. The Gulf of Mexico region includes the massive Mississippi River basin as well as the small coastal watersheds of Florida. The ratio of watershed area to estuarine area may exert a significant influence on the development of eutrophication, especially in areas of dense watershed population. This ratio can be used as an indicator of the influence of watershedbased inputs on the estuary. Climate also varies among the regions. The driest watersheds are located in the southern Pacific Coast and western Gulf of Mexico regions (Table 1) . Land cover in these areas is mostly grassland, shrub land, and savanna. Rainfall along the north and mid-Atlantic and Pacific coasts is higher, with land cover in these regions mostly deciduous and evergreen forests. South Atlantic and eastern Gulf of Mexico systems have a subtropical climate, with higher annual rainfall and land cover dominated by crop land and woodland. Climate along the coast is modulated by ocean temperatures, which are much warmer on average along the Gulf of Mexico and South Atlantic regions than along the Pacific Coast and North Atlantic regions. The number of frost days mirrors regional temperature differences; with 156 frost days per year in the North Atlantic region, 57 per year in the Pacific Coast region and 12 frost days per year in the Gulf of Mexico region ( Table 1) .
The other factor that influences the development of eutrophic symptoms is the nutrient load to these systems. Population density can be used as a relative indicator of pressure since most land-based sources are human related. Population densities vary among regions and sub-regions with highest densities observed in the mid-Atlantic region and Southern California, and lowest densities in the Gulf of Mexico region and Oregon (Table 1) . Although both phosphorus and nitrogen can cause nutrient enrichment problems in estuaries, only nitrogen inputs were included in the assessment because nitrogen is typically the limiting nutrient in estuaries and coastal water bodies. With some exceptions (i.e. San Francisco Bay North, Mississippi River, Southern California) nitrogen loads mirrored population densities, highest loads were observed in the mid-Atlantic region (Fig. 2) . In the Gulf of Mexico region, high loads corresponded with high agricultural activity and the Mississippi River outflow. Analysis of loads was performed using a model that compares nutrient loads from the watershed to loads from the ocean in order to identify whether the loading source is primarily the watershed and is related to human activities, or is from ocean inputs (Bricker et al., 2003; Ferreira et al., 2007) . Nutrient loads are derived mainly from the watershed in more than 75% of systems.
Assessment method
The National Estuarine Eutrophication Assessment method and modifications, called Assessment of Estuarine Trophic Status (hereafter called NEEA) have been well described in Bricker et al. (1999 Bricker et al. ( , 2003 Bricker et al. ( , 2007 , Ferreira et al. (2007) and Scavia and Bricker (2006) . A comparison of this approach with that of other assessment methods can be found in Bricker et al. (2006) and Xiao et al. (2007) . The NEEA assessment method evaluates eutrophication by examining influencing factors, overall eutrophic condition and future outlook, and the results are then combined into a single overall rating. A completeness and reliability of the overall eutrophic condition assessment is based on the temporal and spatial availability of data. In this way, an assessment can be made with minimal data that provides some insight to the condition within the system.
Influencing factors
Influencing factors help establish a link between a system's natural sensitivity, or susceptibility, to eutrophication as a result of flushing and dilution characteristics, and the nutrient loading and eutrophic symptoms that are observed. In most cases, if the water (and therefore nutrients) is flushed quickly, there is insufficient time for eutrophic symptoms to develop (i.e. low susceptibility). However, if the estuary has a long residence time, there is time for nutrients to be taken up by algae and for blooms to develop. Physical and hydrologic data are used separately to define dilution and flushing ratings which are combined by a matrix to give a susceptibility rating. The susceptibility rating is combined in a matrix with a rating for nitrogen loads to determine the final influencing factor rating. The load component is estimated as the ratio of nitrogen coming from the land (i.e. human-related) to that coming from the ocean (Bricker et al., 2003; Ferreira et al., 2007) . The load rating also provides insight into load management since loads that are primarily oceanic in origin will not be easily controlled. In addition to evaluating influencing factors, susceptibility can be used to forecast what symptoms may potentially occur. For example, in some shallow lagoon systems, additional nutrients may result in increased macroalgal abundance rather than high concentrations of phytoplankton/chlorophyll a (Nobre et al., 2005) . A typology of these systems is being developed in order to increase assessment and forecasting accuracy by accounting for differences in how systems respond to nutrient inputs .
Overall eutrophic condition
Assessment of the overall eutrophic condition is based on assessment of five symptoms. For each symptom, a level of expression is determined by evaluating the occurrence, spatial coverage and frequency of the symptom. Chlorophyll a and macroalgae are considered primary symptoms that, at high levels, indicate the first stage of water quality degradation associated with eutrophication. The three secondary symptoms represent more serious impacts: low dissolved oxygen levels, loss of submerged aquatic vegetation, and occurrences of HABs. The average of the primary symptoms and the worst case of the secondary symptoms (a precautionary approach) are combined by a matrix to determine the overall eutrophic condition rating.
In many estuaries, primary symptoms lead to more serious secondary symptoms. In some cases secondary symptoms can exist in the estuary without originating from primary symptoms. This occurs in many North Atlantic estuaries where some HABs may be transported into the system from the coastal ocean . Such systems were consequently given a lower rating (i.e. indicating lesser impact) for HABs than those systems for which these blooms originated within the system. Low ratings, rather than a designation of no problem, were used because it is unclear whether offshore HABs grow and are maintained by landbased nutrient sources once they enter the system.
It should be noted that nutrient concentrations are not used as an indicator because they reflect the net biological, physical, and chemical processes such that even a severely degraded system may exhibit low concentrations due to uptake by phytoplankton and macroalgae. Conversely a relatively healthy system might have high concentrations due to low algal uptake, strong filter feeder populations, or may flush nutrients so quickly that phytoplankton do not have the opportunity to bloom extensively.
Future outlook
Future outlook in this assessment is a prediction of what eutrophic conditions will be in the year 2020, based on expected changes in nutrient loads and the estuary's susceptibility to these loads. This assessment component combines the susceptibility of a system and the predicted future nutrient loads to determine whether conditions will worsen, improve or remain the same. Recommendations for potential management responses to eutrophication were developed from conclusions based on the evaluation of future outlook .
Synthesis: assessment of estuarine trophic status
In an effort to simplify the comparison of the eutrophication status among systems, the last step in the assessment procedure is to combine the influencing factor, overall eutrophic condition, and future outlook components into a single overall score for each system. The ratings for influencing factors, overall eutrophic condition, and future outlook are combined in a matrix to provide an overall grade or score which may fall into one of five categories: high, good, moderate, poor, or bad. These categories provide a scale for setting reference conditions for different types of systems (Bricker et al., 2003) . A 'high' grade will not be assigned if the expected future outlook is for worsening conditions, but a system may be rated as 'good' based on high or good overall eutrophic condition and influencing factors, even if the expectation is that it will worsen in the future. Ratings of 'poor' reflect a range of undesirable pressure and state conditions, even if there are management plans for recovery.
Results and discussion

Influencing factors
The majority of systems assessed (36 of 64; the balance of the 141 systems had inadequate data for this analysis) had 'high' influencing factor ratings, indicating that these estuaries receive a large amount of nitrogen from human related activities compared to their capacity to dilute or flush nutrients (Fig. 3) . High nitrogen loads were largely attributed to the influence of expanding and dense coastal human populations. Influencing factor ratings were 'high' from New York to Texas, 'low' in the North Atlantic, and mostly 'unknown' in the Pacific region. 'Low' influencing factors in the North Atlantic region are likely due to relatively low nitrogen loads and strong tidal flushing. In contrast, 'high' ratings in the mid-Atlantic region likely result from high nitrogen loads relative to susceptibility. The high geographic variability of nitrogen loading and susceptibility indicates a need for locally tailored management action.
Overall eutrophic condition
The majority of estuaries assessed (64 of 99 systems; 42 systems had inadequate data for this analysis) had eutrophic conditions rated as 'moderate' to 'high'. These systems represent 78% of the assessed estuarine surface area. The overall eutrophic condition and symptom expressions were geographically variable though systems with high ratings are mainly located in the midAtlantic region (Fig. 4) . In fact, the largest concentration of highly eutrophic systems is located around Chesapeake Bay, an area that also had 'high' influencing factor ratings and the highest population density of any region. There were 35 systems (21% of assessed surface area) which exhibited 'low' to 'moderate low' overall eutrophic conditions. More than half of these estuaries were located in the Gulf of Mexico and Pacific Coast regions. In some cases, estuaries in close proximity to each other exhibited very different overall eutrophic condition. The most commonly occurring eutrophic symptom was high frequency of elevated chlorophyll a levels (Fig. 5a ). Most estuaries also exhibited at least one other moderate to high symptom expression in addition to chlorophyll a (e.g. HABs; Fig. 5b) .
The most frequently noted causes of eutrophic impairments were agricultural activities (crops and animal operations), urban runoff, wastewater treatment plants (though an improvement over septic tanks, the waste treatment process does not remove 100% of nutrients thus wastewater treatment plants discharge nutrients), and atmospheric deposition. These are the major sources of nutrients that were included in the total loads used to determine influencing factors. Several patterns emerged with respect to influencing factors and eutrophic conditions. Of the 15 estuaries with a 'high' overall eutrophic condition, 13 also had 'high' susceptibility scores. In contrast, of the 35 systems with 'moderate low' or 'low' overall eutrophic condition, 31 had 'low' or 'moderate' susceptibility. Eleven of these 31 systems had a 'low' or 'moderate low' overall rating despite high nutrient loads. These systems seem able to naturally suppress eutrophication.
Data confidence and reliability varied among systems. The general trend was for at least moderate data confidence and reliability in systems with 'high' overall eutrophic conditions but low data confidence and reliability for systems with 'moderate' or 'low' overall eutrophic ratings. Most of the systems with high confidence are located in the North and mid-Atlantic regions, while those with low confidence are located in the Gulf of Mexico and Pacific Coast regions.
Changes in eutrophic condition since the 1990s
Comparison of eutrophic conditions assessed from the early 1990s to early 2000s indicates largely similar levels of eutrophica- tion (Fig. 6 ) despite average population increases in coastal counties of 13% between 1990 13% between and 2003 13% between (Crossett et al., 2004 . Among the systems where data were available for comparison (58), conditions in 32 had remained the same (77% assessed surface area) while conditions in 13 systems had improved (9% of assessed surface area), and in another 13 systems conditions had worsened (14% assessed surface area). In the early 1990s, 69% of assessed systems (72% of assessed area) had moderate to high eutrophic conditions compared to 65% of assessed systems (78% of assessed area) in the early 2000s (Fig. 6) . However, these results must be viewed with caution, because the total number of systems for which conditions are unknown has increased from 17 in the 1999 assessment to 42 in this assessment. This is likely due to a change in data collection methods; the 1999 assessment involved site visits and regional and national workshops, while the 2007 study involved self-reporting of data via an online survey and a national workshop. Similar to the early 1990s, the Pacific Coast region had the least robust data and the lowest assessment confidence.
Future outlook
Worsening conditions by 2020 were predicted for 65% of estuaries and improvements predicted for 20% of estuaries for which the analysis was performed (Fig. 7) . This is largely based on population estimates which, on a national basis, suggest that coastal populations, already 53% of the total, will continue to increase by about 12% over the same time frame (Crossett et al., 2004) . Future outlook was not determined for 67 systems, illustrating uncertainty in the future outlook conclusions. There are presently 12 systems with a 'moderate low' to 'low' overall eutrophic condition but 'moderate' to 'high' susceptibility and a 'worsening' future outlook. Although many systems are predicted to worsen as population in the coastal zone increases, the systems with 'low' eutrophic conditions and 'moderate' to 'high' susceptibility should be a priority for protective management because they are the most at risk. The Fig. 6 . Number of estuaries in each eutrophication category in the early 1990s (1999 assessment; Bricker et al., 1999) and early 2000s . potential for changes in nutrient loads and hydrology due to climate change should also be explored when considering future estuarine health.
Synthesis: assessment of estuarine trophic status
Only 48 systems had data for all three components and only these could be assigned a synthesis rating. Of these, only one was rated as 'high' water quality and 24 were rated as 'poor' or 'bad'.
Residence time and development of HABs
It is clear from the results of this study and others that landbased sources of nutrients are a significant factor influencing the development of nutrient related water quality problems. However, it is also known that the susceptibility, largely determined by the residence time of water within a system, also plays a significant role. Ferreira et al. (2005) used a screening model with data from several Portuguese systems and the 139 US systems from Bricker et al. (1999) to show that residence time influences the development of HABs and the number and diversity of phytoplankton species that occur in an estuary. Put simply, the model examines the average production day À1 (P) required for a phytoplankton species to be present in an estuary and the maximum production day À1 (P max ) which would result in a bloom, and compares those to residence time of the study systems. In this way it is possible to predict whether blooms may occur. Many dinoflagellates, including those that are toxic, have maximum growth rates that are substantially lower than those of most diatoms, which typically are not toxic (Furnas, 1990; Smayda, 1997) and thus may have a greater tendency to bloom in systems with slower residence times. Not surprisingly, the Ferreira et al. (2005) analysis showed higher ratings, i.e. greater concentrations, spatial coverage and frequency of occurrence, of high chlorophyll a levels and HAB problems in systems of slower flushing or longer residence time.
The data from the 1999 and 2007 assessments provides the opportunity to examine in more detail the role of hydrologic conditions in the potential development of blooms. Here, the recent data from Bricker et al. (2007) are used to analyze the relationship between residence time and eutrophication assessment results in the same fashion as done previously in Ferreira et al. (2005) . This analysis includes ratings for chlorophyll a, HABs and, though it is partially derived from the other two, the overall eutrophic condition ratings. The systems used for the analysis are the same as those used in the previous study and the residence times used here are the same as those used in Ferreira et al. (2005) . Fig. 8a-c shows the results of the analysis using the more recent assessment data. It is clear that with slower residence times, more significant problems are observed. For HABs, 'high' ratings (i.e. worse conditions) are seen only in the slowest residence time systems (Fig. 8a) . Likewise, 'high' (i.e. worst) overall eutrophic conditions are only observed in the systems with the slowest residence times (Fig. 8c) . While these results do not incorporate nutrient pressures, they should serve to reinforce that the systems that presently do not show eutrophic symptoms but are highly susceptible (i.e. long residence times) and have expectations for watershed population increases should be made a priority for protection. Additionally, these results may provide insight to the development of blooms during periods of different flow conditions. For example, during drought periods more blooms might be expected to occur since residence times slow down (e.g. as per very slow residence time systems in Fig. 8a and b) . This may have contributed to an episodic outbreak of Pfiesteria sp. in Chesapeake Bay in the 1990s (Magnien, 2001) . This capability to predict potential blooms may be helpful in development of management responses. In cases of toxic bloom organisms it may be that interdiction of shellfish collection to protect populations from harm is the only ''management'' possible. However, in engineered systems, it may be possible to increase flow to mitigate a developing bloom or prevent HAB conditions from occurring altogether. Fig. 8 . Frequency distribution of NEEA scores for eutrophication symptoms (a) nuisance and toxic blooms, (b) chlorophyll a (high chlorophyll a in the fast residence time system group represents one system, Brazos River), and (c) overall eutrophic condition for 141 US estuaries within each residence time class (very slow residence time is <1.5 P max per method of Ferreira et al., 2005) .
Case studies: overall eutrophication, chlorophyll a and HABs
Case studies provide the basis for sharing successful management approaches that may be used both in the US and abroad. Two case studies are presented here, the first includes lagoon systems in the mid-Atlantic region, longer residence time systems where HABs are observed. The other case study for Tampa Bay highlights that it is not only HAB organisms that are a problem, non-toxic algal blooms can also have detrimental impacts, and conditions can be improved with management action.
4.7.1. Mid-Atlantic coastal bays: HABs increase in the past decade An analysis of changes in problem occurrences of chlorophyll a and HABs in the mid-Atlantic region, the only region where data were adequate to do the comparison, showed that both have increased. There was a 13% increase in the number of systems with 'moderate' to 'high' impact of HABs and a 14% increase in the number of systems with chlorophyll a at 'moderate' to 'high' levels during the past decade, concurrent with increases in nutrient loads (e.g. Kemp et al., 2005; Glibert et al., 2007) . In particular, the interest here is in problem occurrences of chlorophyll a and HABs in the mid-Atlantic region lagoons, systems with long residence times.
Five lagoon systems (i.e. water bodies bounded on the ocean side by barrier islands with low freshwater input and small exchange with oceanic waters) in the mid-Atlantic region are included in this analysis; Barnegat Bay, New Jersey Inland Bays, Delaware Inland Bays, Northern Maryland Coastal Bays and Southern Maryland Coastal Bays. The analysis detailed in the section above is of particular relevance in these systems given that they all fall within the slowest residence time group (i.e. very slow in Fig. 8a-c) and thus would be expected to have occurrences of HABs and/or excessive algal blooms. In fact, all but one of these systems have 'moderate' to 'high' levels of chlorophyll a impacts (Fig. 9 ). All have 'moderate' to 'high' levels of macroalgae, considered a HAB here since Enteromorpha and Ulva are known to smother submerged aquatic vegetation (Dennison et al., 1989) , can cause low dissolved oxygen events, and may also smother bivalves (Bricelj and Lonsdale, 1997) . Chlorophyll a impacts in Southern Maryland Coastal Bays, with concentrations reaching
>60 mg
Àl in some locations , and macroalgal impacts in New Jersey Inland and Northern Maryland Coastal Bays have worsened in the decade since the early 1990s (Fig. 9) . It is noteworthy that there are only low level impacts of dissolved oxygen depletion in all of these systems. This is likely a result of their characteristically shallow nature (average depth <2 m) that allows for wind mixing or that most measurements are made at midday and do not account for diel oxygen sags. Although all five have some level of HAB impacts, highest level impacts are observed in Barnegat Bay and the Southern Maryland Coastal Bays (Fig. 9) . In Barnegat Bay, HABs have been at a high level for over a decade, while in the Southern Maryland Coastal Bays, data shows that these blooms have become worse during the past decade . In fact, in the 1999 assessment (Bricker et al., 1999 ) the rating for HABs was 'no problem'. In both systems, several toxic and non-toxic HAB species have been observed (Olsen and Mahoney, 2001; Tango et al., 2005) but the most noted HAB is Aureococcus anaphagefferens (Kennish et al., 2007; Olsen and Mahoney, 2001; Glibert et al., 2001; Trice et al., 2004; Glibert et al., 2007) , with blooms commonly occurring at category 3 levels (>200,000 cells/L), concentrations which may cause severe impacts on mortality of shellfish and reductions in submerged aquatic vegetation (Gastrich and Wazniak, 2002; Trice et al., 2004) . There is also evidence that the frequency, duration and intensity of these blooms has increased in the past decade in the Southern Maryland Coastal Bays (Trice et al., 2004) . Annual bloom events have been recorded in Barnegat Bay since 1995 with some recent bloom concentrations reaching 10 6 cells Àl (Kennish et al., 2007; Olsen and Mahoney, 2001) .
Although troubling, these increases are consistent with observed population increases in coastal watersheds. From 1980 to 2000, population has doubled in the Southern Maryland Coastal Bay watershed and has increased more than 40% in the Barnegat Bay watershed (Kennish et al., 2007) . Nutrient loads have also increased, with measured DON concentrations doubling in the Southern Maryland Coastal Bays . This highlights that the composition of nutrients, in addition to the amounts, entering a system are important factors Fig. 9 . NEEA results for mid-Atlantic lagoon systems for overall eutrophic condition, overall eutrophic condition confidence rating, and symptom expressions for chlorophyll a, macroalgae, dissolved oxygen, nuisance/toxic blooms (HABs) and SAV (adapted from Bricker et al., 2007) . influencing the species that are able to grow and bloom and suggests that management measures must be attentive to the form and abundance of nutrient that is being targeted for reduction.
Tampa Bay: Seagrass recovery due to nitrogen load and chlorophyll a reductions
In Tampa Bay, Florida between 1950 and the early 1980s submerged aquatic vegetation acreage decreased by half; the result of inadequate light to maintain SAV growth (Greening and Janicki, 2006; Dixon, 1999) . While toxic HABs do occur, they do not affect submerged aquatic vegetation. Instead, the primary cause of loss was determined to be excess nitrogen loading which resulted in increased algae concentrations leading to reduced light availability for shallow water submerged aquatic vegetation. Actions were taken starting in 1980 to reduce nitrogen inputs to promote regrowth of submerged aquatic vegetation. All municipal wastewater treatment plants were required to provide Advanced Wastewater Treatment for discharges directly to the bay and its tributaries, reducing nitrogen loads from this source by 90%. Stormwater regulations enacted in the 1980s also contributed to reduced nitrogen loads to the bay. And, the phosphate industry initiated a number of Best Management Practices to reduce nitrogen and phosphorus loads resulting from fertilizer spills from port facilities from which fertilizer products are shipped.
The combined management actions resulted in a significant reduction (60%) in estimated nitrogen loading from 1985 to 2003 (Greening and Janicki, 2006) . Trends in water column chlorophyll a concentrations in Tampa Bay show similar patterns: excessive levels decreased significantly in the mid-1980s, followed by fluctuations in recent years. Submerged aquatic vegetation extent showed a similar response with an increased spatial coverage and the greatest acreage since 1950 observed in 2004. Fluctuations in chlorophyll a and submerged aquatic vegetation coverage since about 1990 appear to be associated with rainfall amounts, with high rainfall events associated with higher nutrient load delivery to Tampa Bay with resultant decrease in water clarity and submerged aquatic vegetation acreage (Tomasko et al., 2005) . In this system, the potential decrease in residence time as a result of higher waterflow is counterbalanced by the nutrient loads which in this system are dominated by stormwater runoff. Comparison of this system with the slow residence time systems of the midAtlantic, which benefit from high rainfall events that increase waterflow through the lagoons, confirms that resource management strategies must take into account system specific factors.
Conclusions and recommendations
The finding that nearly two-thirds of the US estuaries that were assessed have moderate to high level expression of eutrophication is of considerable importance. Eutrophic symptoms cause impairments to human uses and to living resources including fish kills, fish consumption warnings (to prevent human health problems), and declines in tourism. While these results show that conditions have not changed much in the past decade, the expected 12% average increase in national coastal population (already 53% of total) by the year 2020 with larger increases expected locally (Crossett et al., 2004) , suggests that managing against future worsening conditions will be more and more difficult. Reducing eutrophic conditions in estuaries in light of these expectations requires coordinated and integrated action that balances management action, efficient monitoring to assess the effectiveness of the management, targeted research, and a communication campaign aimed at engaging the broader community. Because these impacts are observed in systems along all coastlines, management, monitoring, and research actions are needed at local, regional and national scales. Typically management must be done on a local scale, however, monitoring and research can be done on variable scales, with national monitoring results, as an example, providing insight to regional patterns (e.g. of forcing functions) that may provide the basis for more successful management at the local scale. The results of this study call for these major recommendations:
Management: Aggressive management actions, both traditional and alternative/innovative, should continue to be implemented in order to achieve nutrient reductions to reduce widespread eutrophic conditions. Monitoring: The number of systems with inadequate data for evaluation suggests that a national comprehensive monitoring program is needed to capitalize on technology (e.g. observing systems, remote sensing) and to provide rigorous, easily accessible, nationally comparable data (both in situ and remotely sensed) for tracking trends. Research: Research should focus on improving monitoring and assessment of eutrophication, resolving uncertainties, and establishing criteria and thresholds in order to elucidate potential, and evaluate current management options. Communication: Resource managers, researchers, policy makers, and the community should be engaged with frequent assessment updates including environmental report cards (e.g. http://www.eco-check.org/reportcard/chesapeake/2007/), illustrative graphics and maps, and involvement in hands on restoration efforts to foster interest, inform, and empower support of critical management actions.
